Introduction
============

Model organisms, such as Zebrafish and *Drosophila melanogaster*, are widely used in developmental biology and experimental genetics^[@bib1],\ [@bib2]^. Although they are important biological models, optical imaging in these samples is often limited to the embryonic stage due to optical diffusion^[@bib3]^. In this embryonic stage, the samples are typically small in size and virtually transparent and they can be imaged *in vivo* using single-plane illumination microscopy (SPIM)^[@bib3]^. Optical microscopy of larger specimens requires optical clearing using chemicals that are toxic and not suited for *in vivo* imaging. Alternative methods that enable intra-vital microscopy include confocal, multi-photon^[@bib4],\ [@bib5]^ or optoacoustic microscopy^[@bib6]^ techniques, which are nevertheless limited to depths of the order of a few hundred microns due to the physical limitations of focusing a light beam deep within highly scattering media^[@bib4]^.

The imaging of larger opaque biological specimens is important for longitudinal observations of biological processes *in vivo*^[@bib1],\ [@bib2],\ [@bib7]^. Imaging beyond the embryonic stage can allow observations of processes associated with adult development and aging. Raster scan optoacoustic mesoscopy (RSOM)^[@bib8],\ [@bib9]^ has been recently introduced for imaging model organisms and disease development, such as tumor growth in mice^[@bib10]^. The method has been used to image samples at depths of up to 5 mm with a resolution of 4--20 μm^[@bib8],\ [@bib9]^, bridging the imaging abilities of microscopic and macroscopic imaging techniques, such as multispectral optoacoustic tomography^[@bib11],\ [@bib12],\ [@bib13]^. However, RSOM of model organisms, such as Zebrafish, is limited due to the low numerical aperture (NA) of the ultrasonic detectors used, typically \~60°. Consequently, RSOM exhibits highly anisotropic resolution in the *xy*-plane, which only partially detects directional objects^[@bib8],\ [@bib14]^ and may miss certain structures ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}).

Here, we introduce multi orientation RSOM (MORSOM), a technique that collects RSOM projections over 360° angles, analogous to X-ray computed tomography (CT). In contrast to multiview optoacoustic microscopy^[@bib6]^, which utilizes focused light beams and image formation based on optical diffraction, MORSOM utilizes broad-field illumination and forms images based on the ultrasonic diffraction limit. For this reason, a MORSOM-specific feature is the use of ultra-wideband detection (up to 160 MHz) to achieve high resolution and a broad coverage of spatial frequencies, which are necessary to capture high-quality images. This feature contrasts optoacoustic mesoscopy studies performed with narrow-band, high-element-pitch linear array detectors^[@bib15],\ [@bib16],\ [@bib17]^. Finally, image reconstruction schemes are necessary to produce the optimal combination of the MORSOM projections collected.

We hypothesized that MORSOM could yield unprecedented imaging performance over RSOM while allowing penetration depths that are superior to optical resolution microscopy^[@bib6]^. We developed a MORSOM experimental setup and investigated the performance with phantoms and 21 days post-fertilization (dpf) Zebrafish, a target tissue that has not been possible to image with SPIM^[@bib18]^ or optical resolution optoacoustic microscopy^[@bib6],\ [@bib10],\ [@bib19]^, to investigate this hypothesis. We further investigated the relative performance of MORSOM compared with conventional RSOM.

Materials and methods
=====================

System design
-------------

We present the experimental setup in [Figure 1](#fig1){ref-type="fig"}. The setup was designed to accommodate imaging of model organisms. The sample is positioned along the axis of rotation, the *z* axis, by placing it on a rotation stage. The spherically focused detector was scanned in the *xz* plane using two linear stages (M683 and M404-2PD, Physik Instrumente GmbH, Karlsruhe, Germany). We scanned the sample in an alternating continuous-discrete manner, where the x-stage is continuously moved and the z-stage is moved stepwise from one line to the next to acquire each orientation. At the end of every *xz*-scan, the sample was rotated 360° using a rotational stage (RS-40, PI-MICOS, Karlsruhe, Germany).

Optical excitation was based on 532-nm, a 1-ns pulse width and 2-kHz repetition rate laser (Bright Solutions SRL, Pavia, Italy) emitting 1 mJ pulse^−1^. Light was directed to the specimen via fibers (Ceram Optec GmbH, Bonn, Germany), achieving coupling efficiency of \~30%. The light intensity delivered to the sample was \~0.32 mJ cm^−2^, which is approximately two orders of magnitude less than the ANSI limit for biological samples. We placed four fiber arms 90° apart at a distance of 14.5 mm from the axis of rotation to generate homogeneous illumination of the sample ([Supplementary Fig. S2](#sup1){ref-type="supplementary-material"}).

Detection was based on custom-made single-element detectors with ultra-wideband detection. A detector with a nominal central frequency of 50 MHz attained a focal distance of 3 mm, an NA of \~0.5 and ultra-wide band acoustical −6-dB bandwidth of 23-115 MHz ([Supplementary Fig. S3a](#sup1){ref-type="supplementary-material"}). A second detector with a nominal central frequency of 100 MHz attained acoustical −6-dB bandwidth of 20-180 MHz, a focal distance of 1.65 mm and an NA of \~0.45. The detectors were connected to a 63-dB low-noise amplifier (AU-1291, Miteq Inc., Hauppauge, NY, USA). The signals were digitized using a fast data acquisition card (ADQ412-3G, SP-Devices, Linköping, Sweden) at 900 MS s^−1^ and 12 bit resolution. The minimum angular step size (Δ*ϕ*~min~) required to ensure that all the optoacoustic waves generated within the sample and in the *xy* plane are captured is given by the angle of acceptance of the detector. Consequently, we chose a rotation step of Δ*ϕ*=20° to enhance the signal to noise ratio (SNR) and to implement the same number of rotation steps when comparing the 50-MHz and the 100-MHz data ([Supplementary Fig. S1](#sup1){ref-type="supplementary-material"}). This choice leads to *N*~*ϕ*~=18 orientations. Detector scanning was performed along the *xz* plane with a 20-μm step size for the 50-MHz case and a 10-μm step size for the 100 MHz case.

Samples and preparation
-----------------------

We characterized the MORSOM imaging performance in terms of resolution, SNR, and overall image quality using a phantom consisting of 10-μm spheres that were randomly dispersed in agar gel and juvenile Zebrafish at 21 dpf. At 21 dpf, Zebrafish have a length of \~10 mm and diameters ranging from 1 to 2 mm ([Supplementary Fig. S4](#sup1){ref-type="supplementary-material"}). These dimensions are not accessible by optical or optoacoustic microscopy techniques, such as SPIM^[@bib18]^ or multiview optical resolution photoacoustic microscopy^[@bib6],\ [@bib19],\ [@bib20]^, and correspond to dimensions for which optoacoustic mesoscopy may be ideally suited. Zebrafish were embedded in low melting agar (Sigma-Aldrich, St Louis, MO, USA) and imaged *ex vivo*, consistent with the current regulations and processes allowed by the Government of Upper Bavaria for adult Zebrafish. The agar was mixed with \~10 μm diameter black microspheres (black polystyrene microspheres, Polybead, Polysciences Inc., Warrington, PA, USA), which we use as fiducial markers to confirm the exact alignment of the different RSOM projections onto the common MORSOM image reconstruction scheme. The Zebrafish/agar specimen was mounted on a syringe, as previously described for SPIM^[@bib21]^, and placed in a water bath for acoustic coupling.

Reconstruction and deconvolution
--------------------------------

Planar raster scans were reconstructed separately in the local coordinates of the scan using three-dimensional beamforming with a dynamic aperture^[@bib8],\ [@bib9]^. For accelerated performance, we parallelized the reconstruction on a graphical processing unit. The image grids were composed of 20 × 5 × 20 μm^3^ voxels.

Alignment of the individual projections
---------------------------------------

After reconstruction in the local coordinates(*x*′, *y*′, *z*′), we transformed the three-dimensional reconstructions to the global coordinates (*x*, *y*, *z*) with voxel sizes of 5 × 5 × 20 μm^3^ through a linear transformation including two translations and a rotation. For example, the image *I*~*m*~(*x*′, *y*′, *z*′) from the *m*th orientation was transformed to the global coordinates as: *I*~*m*~(*x*, *y*, *z*)=*T*{*I*~*m*~(*x\'*, *y\'*, *z\'*), Δ*x*, Δ*y*, *ϕ*~*m*~}, where *ϕ*~*m*~ is the angle of rotation and (Δ*x*, Δ*y*) is a shift vector required to account for location of the rotation axis in the reconstructed volume. We could only estimate the vector coordinates from the mechanical positioning; thus, we performed a calibration procedure to determine the exact vector coordinates. This calibration procedure was based on the reconstruction of the previously embedded 10 μm microspheres, our fiducial markers. We selected the vector coordinates using the criterion of maximum brightness, which corresponds to the most coherent sum from all the orientations. We performed a fine calibration using cross-correlations in the spatial Fourier domain to improve the co-registration of the individual orientations. This fine calibration is an important step, as it allows sub-pixel calculation of the vector coordinates and corrects for differences in the shift vectors between different orientations as well as for the tilt of the scanning plane.

Weighted sum and Wiener filtering
---------------------------------

The simplest way to combine the images from the individual views (*I*~*m*~(*x*, *y*; *z*~*i*~)) into a final image (*I*(*x*, *y*; *z*~*i*~)) would be a simple summation, , or a summation in spatial frequency space, . This procedure is shown for a bead in [Figure 2d](#fig2){ref-type="fig"}. However, this reconstruction is not ideal because it does not take into account the different optical transfer functions (OTF, the Fourier transform of the point spread function (PSF) or OTF~*m*~ (*k*~*x*~, *k*~*y*~) of the individual views ([Figure 2b](#fig2){ref-type="fig"})):

where is the two-dimensional frequency representation of the sample absorber distribution for the slice *z*=*z*~*i*~. At any given spatial frequency, both the amplitude and phase can vary between the OTFs of the different views. This variation influences the result of the summation in two ways. First, for varying phases, the sum of all OTFs will have a lower value than it would have if all phases were equal, leading to a reduced SNR. Second, at spatial frequencies where the amplitude of a view's OTF is low, this view cannot contribute much information to the summary image, although it will still add its noise components, again leading to a reduced SNR.

Thus, we calculated a weighted sum in the Fourier space^[@bib22]^ to reduce the noise propagated from one view to the neighboring ones during reconstruction:

where are the view-dependent weight maps. These weight maps are chosen as the complex conjugate of the view's OTFs: . This calculation has two effects. First, it compensates for any unwanted phase effects in the OTFs:

Second, it weights a view's contribution at a certain frequency according to the amplitude of its OTF. Therefore, views with low transfer strengths (i.e., poor SNR) will contribute very little, whereas views with strong transfer strengths (i.e., good SNR) will contribute strongly. By choosing the weight maps in this manner, the information contained in the different view images will be combined in an SNR-optimized way. It can also compensate for phase shifts due to the electric impulse response of the detector.

This recombined image corresponds to the sample slice being imaged with an effective OTF:

with The result of this process is shown for a bead in [Figure 2e](#fig2){ref-type="fig"}.

Finally, the resulting image can be further enhanced by applying a generalized Wiener filter^[@bib22],\ [@bib23]^, which leads to a reduction of the side lobes ([Figure 2f](#fig2){ref-type="fig"}):

In the actual reconstructions, we empirically chose the Wiener factor *ω* as 10^−3^. The OTF was calculated as a two-dimensional Fourier transform of the PSF, which was experimentally determined, as described in the [Supplementary Information](#sup1){ref-type="supplementary-material"}.

Results and discussion
======================

MORSOM images from a phantom of 10-μm black microspheres suspended in agar obtained with 18 RSOM projections ([Figure 2](#fig2){ref-type="fig"}) were used to characterize the imaging performance. [Figure 2a](#fig2){ref-type="fig"} shows a single-projection image (RSOM) revealing the PSF for the 50-MHz detector. Deconvolution of the RSOM images with the OTF ([Figure 2b](#fig2){ref-type="fig"}) results in noise suppression and phase correction ([Figure 2c](#fig2){ref-type="fig"}) compared with an original RSOM projection ([Figure 2a](#fig2){ref-type="fig"}). [Figure 2d](#fig2){ref-type="fig"} shows a MORSOM image resulting from the direct summation of the different RSOM projections after cross-correlation based sub-pixel co-registration, which enhances the SNR by 6 dB. The use of a weighted sum of the different orientations (projections) suppresses the imaging artifacts ([Figure 2e](#fig2){ref-type="fig"}) in [Figure 2d](#fig2){ref-type="fig"}. Finally, the application of the Wiener filter ([Figure 2f](#fig2){ref-type="fig"}) leads to a further suppression of imaging artifacts compared with both [Figure 2d and 2e](#fig2){ref-type="fig"}, which is evidenced by the reduction of the negative values and streak artifacts. The use of the Wiener filter further enhances the SNR by 9 dB over non-weighted MORSOM reconstruction, for a total 15-dB improvement in SNR compared with the performance of the single-projection RSOM.

The theoretical calculations predicted^[@bib24],\ [@bib25]^ ([Supplementary Information](#sup1){ref-type="supplementary-material"}) that the resolution of the 50-MHz MORSOM system was 16 μm in the *xy* plane and 43 μm along the axis of rotation (the *z* axis). Cross-sections taken through one of the microspheres in [Supplementary Fig. S3b](#sup1){ref-type="supplementary-material"} after reconstruction revealed that the resolution along the *z* axis (*δ*~*z*~) was 44 μm (full width at half maximum), and the resolution within the *xy* plane (*δ*~*xy*~) improved by a factor of \~3 along the *y* axis over single-projection RSOM to \~17 μm. The corresponding in-plane resolution for 100-MHz MORSOM was \~ 10 μm.

[Figure 3](#fig3){ref-type="fig"} presents maximum intensity projection (MIP) images of MORSOM and RSOM from the 21 dpf Zebrafish at 23--115 MHz-bandwidth (50-MHz detector). As with the microsphere measurements, we noticed an improvement in the SNR of the MORSOM images compared with the RSOM images. [Figure 3a](#fig3){ref-type="fig"} shows a lateral image of the Zebrafish imaged with MORSOM and [Figure 3b](#fig3){ref-type="fig"} shows the same lateral image acquired using RSOM. A comparison of the two images reveals enhancements in terms of contrast and SNR for MORSOM compared with RSOM. Marked differences are particularly evident at the dorsal side of the fish ([Figure 3c and 3d](#fig3){ref-type="fig"}), i.e., the fish sides that were not facing the detector. The differences between MORSOM and RSOM may be better understood by observing cross-sections through the Zebrafish (axial images in [Figure 3e and 3f](#fig3){ref-type="fig"}). MORSOM reveals anatomical features with unparalleled clarity compared with the single orientation images acquired with RSOM. Structures such as the boundary of the Zebrafish and the boundary of some internal organs are well visualized in MORSOM, but fail to be reconstructed by RSOM, the latter revealed almost none of the internal organs. We can pinpoint several examples of enhancement; for example, labels 1 and 3 point to the boundary of internal organs inside the Zebrafish. This boundary is clearly visible in [Figure 3e](#fig3){ref-type="fig"}, but it is incomplete in [Figure 3f](#fig3){ref-type="fig"}. Another example is labels 5 and 6; these two labels point to structures that are only visible in [Figure 3e](#fig3){ref-type="fig"}, i.e., in MORSOM. The cross-sections generated from MORSOM correspond well with the distribution of structures inside the Zebrafish^[@bib26]^. For example, the eyes, pigmentation, fins, spinal cord and pharyngeal cartilage are clearly observed.

A comparison of MORSOM imaging at 50 and 100 MHz ([Figure 4](#fig4){ref-type="fig"}) revealed enhanced resolution and better differentiation of anatomical features when using the higher frequency detector. [Figure 4a and 4b](#fig4){ref-type="fig"} shows MIPs taken from the dorsal side of a Zebrafish using the 50- and the 100-MHz detectors, respectively. The lateral fish sides imaged by the 50- and 100-MHz detectors are shown in [Figure 4c and 4d](#fig4){ref-type="fig"}, respectively, and cross-sections taken with the two detectors are shown in [Figure 4e and 4f](#fig4){ref-type="fig"}, respectively. The images confirm the enhanced resolution achieved with the 100-MHz detector (acoustic bandwidth 20-180 MHz) compared with the 50-MHz, 92-MHz-bandwidth case. On the other hand, the 50-MHz detector yields images with a higher signal to noise ratio and thus higher sensitivity to weak absorbers. Due to the increased SNR and coarser step size, 50-MHz imaging required 20 min of acquisition time compared with 80 min for the 100-MHz system. Therefore, the choice between the 50-MHz detector and the 100-MHz detector imposes a trade-off between sensitivity, scanning time and resolution. We expect that the 160-MHz-bandwidth detection would be better suited for imaging finer anatomical features, such as specimens where higher resolution is required. Conversely, the 92-MHz-bandwidth detector may be more appropriate for resolving spectral features with a higher SNR when multi-wavelength imaging is implemented.

Although single band images were shown here, multi-frequency band images could be generated for a higher fidelity and better representation of low- and high-spatial frequencies^[@bib17]^. These images can be obtained by separately processing the frequency sub-bands from the ultra-wide ultrasound frequency spectrum collected.

Conclusions
===========

We combined optoacoustic imaging over 360° projections with ultra-wide band detection ranging from 92 to 160 MHz to achieve high performing optoacoustic mesoscopy. The method synthetically captures the optoacoustic waves propagating at multiple projections normal to the axis of rotation. The use of multiview approaches is common in many imaging modalities, including optical resolution optoacoustic microscopy^[@bib6]^, SPIM^[@bib18]^, optoacoustic macroscopy using linear arrays^[@bib17]^ and X-ray CT. However, MORSOM has unique features that lead to true mesoscopic optoacoustic imaging performance that has not previously been reported. For the first time, MORSOM offers ultra-broadband multi orientation mesoscopy that is appropriate for imaging model organisms. Increased imaging performance is achieved using a particular single-element ultra-wide band high-frequency detector design that enables multi orientation scanning over a 160-MHz band for the 100-MHz central frequency detector and a \~92-MHz band for the 50-MHz central frequency detector. Ultra-wide band detection is required to resolve the slow varying and fast varying spatial contributions, resulting in a resolution and overall image quality that is not possible using narrower bands. Combined with a complete 360° angular coverage, MORSOM yielded high-fidelity images of opaque biological tissues that were not accessible by optical and optoacoustic microscopy methods.

We chose single-element detectors because detector arrays might only achieve up to 35-MHz bandwidths and have less preferential focusing characteristics. Therefore, MORSOM capitalizes on the collection of a uniquely rich and spatially precise data set, which we combined with a novel image reconstruction implementation to produce a higher SNR and higher and more isotropic in-plane resolution compared with RSOM.

The MORSOM-50 Zebrafish images exhibited higher contrast, richer anatomical detail and an improved SNR of \~15 dB over RSOM, as shown in [Figure 3e and 3f](#fig3){ref-type="fig"},[](#fig3){ref-type="fig"}. MORSOM-100 images exhibited a higher resolution (\~9 vs 17 μm) but a reduced SNR. Overall, MORSOM visualized diameters of up to 2 mm, which are much deeper than what is allowed by SPIM or multiview optical resolution microscopy^[@bib6]^. The latter operates with optical diffraction resolution using focused light beams that is a much higher resolution than optoacoustic mesoscopy using linear arrays^[@bib15],\ [@bib16]^. The combination of advanced ultrasound detection techniques, including annular detector arrays^[@bib27]^, could possibly improve the SNR and the focusing ability of the detector used.

A current limitation of MORSOM in comparison to RSOM is the scan duration, as several RSOM scans should be performed. A MORSOM scan at a 50 MHz central frequency may take up to 20 min (up to 80 min for 100 MHz). This time scale does not limit the study of slow developmental processes occurring in juvenile and adult Zebrafish on a time scale of hours to days, e.g., organ development, growth of the vascular network, or changes in the neural network. Nevertheless, shorter time scales would be important for capturing faster phenomena and increasing throughput. The MORSOM scan times could be reduced by an optimized combination of *N*~*ϕ*~ and *N*~*x*~ to retain the high-imaging speed of RSOM while adding the information from multiple orientations.

Further studies will focus on enabling multicolor imaging^[@bib7]^, faster scanning and reconstruction times, and the combination of MORSOM with SPIM^[@bib28]^ or with other optical microscopic imaging modalities^[@bib19]^ which will give complimentary contrast and complimentary imaging performance at different scales.
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![(**a**) Top view of the system showing the configuration of the fiber bundles, the location of the ultrasound detector, the scanning the *xz* plane and the rotation around the *z* axis. (**b**) Side view of the system showing the sample orientation and illumination.](lsa2016186f1){#fig1}

![(**a**) PSF of an RSOM projection in the *xy* plane at the 0° angle; the inset shows the PSF at 60°. (**b**) Magnitude of the OTF of RSOM at 0° and 60°, inset. (**c**) An image of a sphere corrected with the OTF in the frequency domain at 0° and 60°, inset. (**d**) Multiview reconstruction of a microsphere. (**e**) Multiview reconstruction using a weighted sum. (**f**) Multiview reconstruction using a weighted sum and the Wiener filtering. (**g**) Cross-sections through the reconstructions in **d-f.** (Scale bars=100 μm).](lsa2016186f2){#fig2}

![Comparison of the images generated using MORSOM and RSOM. (**a**) Top view MIP from MORSOM. (**b**) Top view MIP from RSOM. (**c**) Side view MIP from MORSOM. (**d**) Side view MIP from RSOM. (**e**) Cross section through the Zebrafish taken from MORSOM at the position indicated by the broken line in **a**. (**f**) Same cross section from RSOM. The arrows point to the similar features shown in **e** and **f**. In the MORSOM case, many features are either complete or do not even appear in **f** (Scale bars=**a**--**d** 500 μm; **e,f** 250 μm, 0.3% of the pixels in **a**--**d** were saturated to improve the visibility of the RSOM images).](lsa2016186f3){#fig3}

![Comparison of MORSOM at 50 MHz and at 100 MHz. (**a**) Side view MIP from MORSOM at 50 MHz. (**b**) Side view MIP from the 100 MHz data. (**c**) Top view MIP from the 50 MHz data. (**d**) Top view MIP from the 100 MHz data. (**e**) Cross section through the Zebrafish at 50 MHz compared with (**f**) 100 MHz. (Scale bars=**a**--**d** 500 μm; **e**,**f** 250 μm).](lsa2016186f4){#fig4}

[^1]: These authors contributed equally to this work.
